Abstract. Bubble growth in an ascending parcel of magma is controlled both by diffusion of oversaturated volatiles and decompression as the magma rises. We have developed a numerical model which explores the processes involved in water exsolution from basaltic and rhyolitic melts rising at a constant rate from magma chamber depths of 4 and 1 km. While the model does not attempt to simulate natural eruptions, it sheds light on the processes which control eruptive behavior under various conditions. Ascent rates are defined such that a constant rate of decompression dP/dt is maintained. A variety of initial ascent rates are considered in the model, from 1 m/s to 100 m/s for basalts, and from a few centimeters per second to 10 m/s for rhyolite, at the base of the conduit. The model results indicate that for any reasonable ascent rate, basaltic melt degasses at a rate sufficient to keep the dissolved volatile concentration at equilibrium with the decreasing ambient pressure. Rhyolitic melt reaches the surface at equilibrium if its ascent rate is less than 1 m/s, but it can erupt with high oversaturation at greater ascent rates. The latter may lead to explosive eruptions. If the ascent rate of rhyolite is 10 m/s or more, then melt barely degasses at all in the conduit and erupts with the highest oversaturation possible. For the case of slow magma rise, bubble growth is limited by decompression. For the case of rapid magma rise, bubble growth is limited by diffusion. The results of our simple model do not accurately simulate natural volcanic eruptions, but suggest that subsequent, more complex models may be able to simulate eruptions using the insights regarding diffusive and decompressive bubble growth processes explored in this study. Numerical modeling of volcanic degassing may eventually lead to better prediction of eruption timing, energetics and hazards of active volcanoes.
Introduction
Volcanic eruptions have been studied in recent years by various methods including experimental investigations of degassing [Jaupart and Vergniolle, 1988 0148-0227/96/96JB-01342509.00 evolution at constant pressure which revealed some important processes in oversaturation degassing. We now extend this model to include varying ambient (hydrostatic) pressure to determine the evolution of bubbles from nucleation at depth to eruption at the vent where the large size of growing bubbles can lead to foam disruption into gassy spray. We limit our present analysis to gradual decompression at a constant rate. This is an extremely conservative approach, because it does not account for the complex feedback between magma hydrodynamics and bubble growth, but even the constant decompression case serves to elucidate the important relations between decompression and diffusion during bubble growth.
Nucleation in the volcanic conduit is not considered in this study but has been addressed elsewhere [Hurwitz and Navon, 1994; Toramaru, 1989; Toramaru, 1995] .
Nucleation of additional bubbles, as controlled by oversaturation, would tend to limit oversaturation by increasing bubble number density, thus imposing an overall effect roughly equivalent to increasing diffusivity. This is because additional bubbles between previous bubbles effectively reduces the diffusion distance of volatiles and allows more rapid growth of the total gas volume in the system relative to a case without any new nucleation. The net effect of nucleation would be to allow growth of the bubbles slightly earlier than otherwise and would cause the depth of maximum oversaturation to be greater, but the extent of oversaturation to be less. This is qualitatively the same as if higher diffusivity were used. While nucleation is surely a real process in natural volcanic systems, the additional degree of freedom allowed by nucleation obscures the details of the coupling between diffusive and decompressive bubble growth, the processes we wish to highlight in this paper.
Models of flow of magma and gas in energetic plinian eruptions [Dobran, 1992; Wilson et al., 1980] have assumed that the concentration of gas dissolved in the melt is always in equilibrium with the evolving pressure in the gas as the system decompresses. This is a key issue which bears on possible explosive behavior of the system at the vent. The assessment of the extent of oversaturation of volatiles in magma during such an eruption is a complex problem and requires numerical methods for solution. We take oversaturation to mean the amount of volatiles (wt %) dissolved in a supersaturated melt beyond the equilibrium saturation value.
In the present study we have upgraded our former numerical model and developed codes for more realistic physical conditions of diffusive and decompressive bubble growth and quantify the contributions of each. We consider the diffusive contribution as exsolution in response only to oversaturation. Exsolution in response to equilibrium degassing while maintaining saturation during decompression is included in the decompression contribution. The fundamental mathematical treatment is similar to that of our preliminary study [Proussevitch et al., 1993b] , so the fundamental equations will only be summarized here (Table 1) .
A basic numerical model can be used to quantify bubble growth and magma degassing processes in a rising parcel of magma in a volcano conduit. The objectives of the model include (1) quantification of bubble growth dynamics, gas fraction evolution, and dynamics of volatile (H20) oversaturation during magma ascent and decompression; (2) quantification of the relations between magma decompression rate and volatile oversaturation prior to and at eruption as melt continues to degas (at atmospheric pressure) after reaching the surface; and (3) estimation of the character and dynamics of energetic eruptions driven by highly oversaturated magma based on rough extrapolation from individual bubble growth to the scale of a volcanic system. These must be considered only rough estimates because of the complex rheology of multiphase media and because rhyolite foam with high gas fraction involves different boundary conditions than those The individual bubble growth model includes our previous (instantaneous decompression) model as a subroutine of the more complex linear decompression (Table 1) . Ascent rates are specified as the rate at the base of the conduit, unaffected by reduction in magma bulk density in response to bubble growth.
Multiple-Bubble Systems
It is instructive to concatenate the results of many single-bubble systems in preparation for future volcanic simulations. Mass conservation in a rising system with an open top containing multiple growing bubbles demands that volume increase upward. This is because growth of each bubble is accommodated by displacement of overlying melt (and bubbles). In this and subsequent sections, we consider a model magmatic system which has some, but not all, attributes of a volcanic system. We designed our model system so as to most clearly reveal the the very least, rapid growth in gas fraction must produce significant acceleration during foam development near the vent [Wilson et al., 1980] in order to conserve mass flux, beyond the acceleration associated with bulk density decrease and the constant dP/dt condition. Thus bubbles grow in a feedback loop with decompression rate, as each is driven, in part, by the other. The problem of acceleration history of each bubble from nucleation to eruption is a complex problem that we will leave to a subsequent study. We maintain constant decompression rate in the model to allow the clear identification and quantification of the processes of diffusive and decompressive bubble growth.
3. Starting depths of magma rise have been arbitrarily chosen to be 4 and 1 km, representing deep and shallow magma storage reservoirs, respectively. The analysis would be the same for any magma starting depth.
4. At the initial depth, each bubble has a radius close to nuclear size. We do not consider the problem of nucleation but allow already nucleated bubbles (with a specified number density) to grow as the melt becomes oversaturated. The number density remains constant throughout bubble growth if it is defined as number of bubbles per mass of melt, rather than volume of the entire system. 5. We assume that the magma is saturated with water at its initial depth, according to the solubility curve. As the melt rises, and ambient (hydrostatic) pressure decreases, and the melt becomes oversaturated leading to melt degassing and bubble growth. The extent of oversaturation depends on the relative rates of magma rise (decompression) and volatile diffusion.
6. The volatiles exsolve into bubbles and do not leave the magmatic system (through country rock) during magma rise. Thus the volatiles are partitioned between bubbles and melt until complete exsolution at atmospheric pressure.
7. If the melt is not degassed to equilibrium at 0.1 MPa by the time it reaches the surface, the model assumes that the melt continues to degas at atmospheric pressure until exsolution is complete. In this case, bubbles grow by diffusive increase of gas mass but not by decompression. Based on the above conditions and constraints, physical and mathematical procedures were applied to develop Fortran codes for running numerical "experiments." Using standard input parameters from Table 2 in combination with one of the chosen starting depths and with a specified starting ascent rate, the numerical model provides us with the following output parameters as a function of time: depth, bubble radius, average volatile oversaturation in the melt, gas fraction in the system, thickness of the bubble wall, pressure terms within the bubble (ambient, surface tension, and dynamic terms), and volatile concentration profile across the bubble wall. These output parameters are used to quantify bubble growth and degassing processes in a rising and decompressing parcel of magma.
It should be noted that foam disruption [Cashman and 
Results for Basaltic System
A number of model runs were performed for the basaltic system with initial magma ascent rates between 0.1 and 100 m/s. These ascent rates apply to the magma at depth before significant bubble growth. Bubble growth causes great accelerations so that much higher rates are observed at the vent [Sparks, 1986] 
Results for Rhyolitic Systems
Diffusive transport properties of rhyolitic magma (Table 2) The character of degassing of the rhyolitic system can vary widely, depending on magma initial ascent rate (Figure 3) . We can distinguish four different degassing styles on the basis of volatile oversaturation at eruption (Table 3) (Figure 3) . In either case, the melt comes to equilibrium before reaching the vent, so the dominant bubble growth mechanism near the surface is decompression.
2. Ascent rates between 0.1 and 1 m/s. In this range of initial ascent rates, there is virtually no oversaturation at the surface, but there is significant oversaturation at shallow depths in the volcanic conduit (1.1 wt % at 100 m depth) (Figure 3) . With this level of oversaturation at such shallow depth, eruption may be more energetic than would predicted for this ascent rate range if there were no regard for the evolution of oversaturation with magma rise. The implications of this will be addressed below. As is the case for lower ascent rates, bubble growth in the vent is predominantly caused by decompression.
3. Ascent rates between 1 and 10 m/s. In this range of initial ascent rates, rhyolitic melt erupts with significant levels of water oversaturation. However, the maximum oversaturation is still at some shallow depth beneath the vent (200 to a few meters ). For example, for an ascent rate of 5 m/s, maximum oversaturation (2.5 wt % H2 O) occurs at a depth of 100 m. Oversaturation at the vent can vary between 0 and 3 wt % H20 (2.2 for 5 m/s ascent rate). Diffusive bubble growth near and at the vent is extremely rapid so that the diffusive contribution to bubble growth , 1986] . For high decompression rates, maximum oversaturation is at the surface, and the dominant bubble growth mechanism is diffusion of volatiles into the bubble at atmospheric pressure. Because there is no significant degassing of the melt en route to the surface for such high decompression rates, the melt is already at its maximum possible oversaturation, and increasing decompression rate cannot significantly increase oversaturation. However, greater starting depth can increase surface oversaturation and consequent bubble growth dynamics causing the most energetic explosive eruptions.
A scenario of high oversaturation at the surface brings into question our condition of no further bubble nucleation during magma rise. This is the most likely case for inconduit nucleation which would lead to a reduction of the average distance traveled by volatiles and thus oversaturation. We do not allow this in our model because the complexities introduced by the additional degree of freedom would obscure the processes of decompression and diffusion we wish to highlight. However, this effect may be partially offset by our artificial condition of constant decompression rate. Whereas some energetic silicic eruptions may be supersonic at the vent, we maintain a maximum case of 10 m/s. If we were to allow magma and bubble decompression rate to reach near realistic values, the time available for nucleation and diffusion would be greatly reduced, likely more than offsetting the effect of late-stage nucleation. Quantification of this is left for subsequent studies.
It is interesting to note that at depths where bubbles are very small (postnucleation) there is very little bubble growth regardless of magma ascent rate (Figure 3) . Bubble growth differences due to differences in decompression rate become apparent only after bubbles reach a radius of about 0.5 mm. This suggests that the melt does not begin to degas at a significant rate until bubbles reach this threshold radius and bubble separation distance (wall thickness) is reduced. This geometrical effect, in combination with very low oversaturation at these depths, makes for sluggish diffusion of volatiles into the bubbles. This applies to both rhyolitic and basaltic systems (Figure 2) . In real volcanic systems with nucleation and interactions between bubble growth and decompression rate, the threshold radius is effectively reduced by high oversaturation buffered by nucleation, as a result of rapid ascent rates in upper levels of the conduit. 4. In all cases of basaltic or rhyolitic magmas at reasonable decompression rates, water degassing does not even begin until the magma rises to at least 1500-200 m (depending on starting depth of rise).
5. Our simple model results may serve as a basis for expansion to more complex and realistic models involving acceleration histories of each bubble in the system, nucleation, feedback between bubble growth dynamics, decompression rate, and conduit geometry, and the thermal effects of bubble growth ].
